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Hopt; is one oi the smallest members of a family of 31 outer membrane proteins in Helicobacter pylori and 
has been shown to function as a porin. In this study it was cloned into Escherichia coli where it was expressed 
in the outer membrane^ as confirmed by indirect immunofluorescence using HopE-specific antibodies. HopE 
purified from E. coli reconstituted channels in planar bilayer membranes that were the same size as those 
formed by HopE purified from //. pylori, A model of the membrane top<)log>' of H(»pE was constructed and 
indicated that this protein formed a (i-barrel with 16 transmembrane amphipathic (i-strands. The accuracy of 
this model was tested by tinker insertion mutagenesis, assuming that, like other porins, amino acid insertions 
were not tolerated in the transmembrane P-strands but were tolerated in the adjoining loop regions. Generally, 
the results obtained with a series of 12 insertions of the sequence RSKDV and two substitutions were consistent 
with the topological model. The preponderance of amino acids that were conserved in the extended family of 
HopE paralogs were predicted to be within the membrane and comprised 45% of all residues in the membrane. 



Helicobacter pylori is a cui^od gram-negative hacicrium that 
has been implicated as a major cause of chronic gastritis, peptic 
and duodenal ulcers, and gastric carcinoma. Its genome has 
been sequenced from two separate isolates revealing substan- 
tative conservation of gene sequence (2, 21). One of the most 
striking features of these genomes is a large (32-member) 
family of sequence-related outer membrane proteins. This 
family of proteins was discovered in the pregenomic era as a 
series of five outer membrane proteins named HopA to HopE, 
which had similar N-terminal sequences, and all reconstituted 
channels in planar bilayer membranes (8, 9). HopE (8) was the 
smallest of these proteins (31,000 Da) but formed the largest 
channels with a single channel conductance of 1.5 nS in 1 M 
KCl. For this reason it was proposed to be the major nonspe- 
cific porin of the H. pylori outer membrane, although it had a 
considerably lower abundance in the outer membrane than, for 
example, the major porin of Escherichia coli (OmpF). 

HopE is also one of the smallest members of the conserved 
family of outer membrane proteins (2, 21; R. A. Aim, J. Bina, 
B. M. Andrews, P. Doig, R. E. W. Hancock, and T. J. Trust, 
submitted for publication). Although HopA to HopE were 
identified on the basis of their similar N-terminal sequences (8, 
9), they have extensive blocks of C-terminal sequence conser- 
vation and in fact only 21 members of the family have the 
N-terminal Hop motif, and 3 of these arc probably not ex- 
pressed due to slipped strand regulation caused by multiple CT 
repeats. Even these 21 proteins can be somewhat subdivided, 
with 11 including HopA and HopD (10; Aim et al., submitted) 
and the two adhesins BabA and BabB (16) being very highly 
conserved and having a C terminus comprising FAY (one- 
letter amino acid code), whereas the remaining 9, including 
HopB, -C. and -E. have an F residue at the C terminus, like 
most other p-barrci porin proteins. The 1 1 remaining members 



' Corresponding niuhor. M;iilinu iidOrcss: Dcp;uirnLMU of Nticrobi- 
oU)^\ and Immunologv. I intvcr^iiy of British (."oUunhia. Vanamvcr, 
Brirish Coiiinihi:i. Oin;id:i Wf lZ.v IMmnc: f>(U.s:v:hS2. f>n4- 
S22-604I. E-mail: bohf'/ cnidr.iihc.ca. 



of the large outer nicnibranc family do not have the l\[iic:il 
N-tcrminal motif but do contain the C-terminal conserved 
motifs (ending in F) and have been called the Hor (Hop- 
related) family (Aim et al., submitted). 

Overall, these 32 Hop and Hor family proteins vary substan- 
tially in size from 165 to 1,217 residues, but all contain ca. 135 
to 150 conserved residues. Thus, it is of some interest to de- 
termine why these conserved residues exist. One possibility 
would be that the conserved sequences are required to pro- 
mote homologous recombination as a mechanism for creating 
genomic rearrangements (21). We have previously argued 
against this possibility (10). Another possibility is that these 
sequences represent a conserved structural motif. Thus, we 
tested this second hypothesis here by mapping the membrane 
topology of HopE. 

HopE, like other porins, is predicted to be a p-barrcl struc- 
ture like, e.g., the E, coli OmpF porin. The crystal structure of 
OmpF (and other bacterial porins) has been determined, and 
it was observed that it contains 16 p-strands with the general 
motif of alternating hydrophobic and hydrophilic residues. In- 
terestingly, Tomb et al. (21) observed that the entire Hop and 
Hor families contained such alternating residues in their con- 
served sequences. Despite these conserved motifs, there is in 
fact little sequence conservation between bacteria! species. Al- 
though within a species, greater consei^'ation exists (e.g.. 
OmpF, OmpC, and PhoE in £. coli arc 80% identical), such 
minifamiiies tend to be very similar in size (cf. the Hop and 
Hor family proteins). Also, the least-conserved regions within 
a species tend to be the surface loop regions (possibly due to 
antigenic selection) that interconnect each pair of p-strands. 
This latter property has been exploited to map the membrane 
topology of porins (1, 3), since the surface loops can tolerate 
the insertion or deletion of additional amino acid residues, 
whereas insertions into the p-strands prevent correct synthesis 
and secretit)n to the outer membrane of the mutant porin. Tlie 
validity of this method has been proven by comparison to the 
cr\stal structure of E. coli porin PhoE (1. 4). Tliercfore. wc 
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fn m Nc . I.ngland li,n(:.hs. Inc. ( M.ss.ss.uga, On.;,nn. Cnad.) and used ns .he 

nl n 1. r"'*';"' '^--Xground s.nnn for ,hc expression of 

plM ennuhnu .he nind.hol Hop(^ pnHein. unless o,he.u-ise s a.ed The 
|>lasm,d pH uesenp, II KS( . ) w.s ohtained from POI Bioscience (Aurora 0„- 

K::.:cr;t:.:!nrM:.f"^ - ^'^^ 

Oevelopnienl «f plasmid pJL The MopC gene was an.ptilied from H. pylon 
VT?^^";""^''^-^^'^ P<^Ivmcrase. The upstream primer 5 -AAG GAT CCG 
ATA GGA Al(, ,AA AGO AAT GG-.V containing a liamHl site and .he 
dowr^stream pr.mer 5-.CCG AAT TCT AAA GGC AlTi AAC GCT TCC A V 
contaimng ^-oRXJic ^crc constructed hy using a Pcrkin-Elmcr Applied 
^ r-^?';. "ir (^p^A ^'^^g-- Ontario, Canada) DNA synthesizer model 
332. The rcsult.ng PCR fragment was blunt-end cloned into the KcoRW site ir, 
pB ucscnp. 11 KS( . ) ,n the same orientation as the (ac promoter to give plasm.d 
pJI. All enzymes were purchased from Life rechnoloeies-C;ihco IJRL A MI 
Research M.n.eyclcr (Boston. Mass.) was used for all i>CR reactions, Plasnud 

,1" " T*'" "''""""^^ -^^^^'''"^^ ^•-^<^n •••• 

I>OMi.on ^ 10 Ml (he codmg sequence was the start of (he llopF gene 

fJn" "'.""T'T f^^-'^ P'i'ncrs were designed t." insert the in- 

s^tcs mto the hopf gcn^, using pj I as the template DNA. The PCR amplif.caUon 
was performed w.th 7a^ DNA p<,lymerasc using . touchdown amplif.cation 
pr<Kedurc as follows. The PCR therm^Kvcler was programmed for an initial 
dcnaturaoon ^;ep "f %-C for 4 min. followed hy 18 cycles at an initial anneal g 
temperature of 65X (for <)() s). which w.s decrea.sed hv O.VC for each successive 
cycle, an extension step at 7rc for 0 min. and dcnaturalion a. %''C for I min 
Sulvsequent to completion of the hrst 18 cycles, an additional 14 ampHlication 

^con^^m' s's-r """^ ^"^ denaturation Lps w.th 

wi^h nh.lf ^,'"""''"8 '<^niperature. The resulting amplicon was extracted 
dii^Lion^^^^^ chloroform, precipitated with ethanol. and made blunt by 
digestion with the Kicnow fragment of DNA polymerase. The PCR products 

r.l" , r'!? "'^''''''L"^^"^**"" ^"^^ '^--^ template DNA 
Mfil^J^K ' ^^^"sfo""*^^ mto E. coU JM105. Recombinant clones were iden- 
tified by usmg oligonucleotide primer S'-AGA TCT AAG GAC GTC-3' dIus the 
T'' u ^"'P^fi^'i^" ^"ctions. Identified clones were 
H H Z amino acids were in frame and that no 

errors had been mtroduced into the hopE gene. 

Isolation of outer membrane proteins, H. pylori was grown at 37'C in an 

^^s;crm^^^^^^ ^'^r'T ^^^^ ^'^'^^ ^""'^^'^^ Media ub<;rat:i 

hrnih /I V *=^"*''^'> "^'^^'^■^ ^^'-^i" heart infusion 

broth (Accumedia. Baltimore, Md ). After an incubation penod of 4 days cells 
were harvested from 20 plates and resuspended in 20% sucrose with 50 mg of 
DNase I (Boehringer Mannheim) in 10 mM Tris-HCI (pH 8.0; ICN, Aurora 
Ohio). The celts were disrupted with a French pressure cell at 15.000 lb/in'' 
of'70^" ^,r' °" ^ ^"^^o^^ ^^^P gradient of 1 ml of 70% and 6 mi 

of 70% sucrose (Fisher Sc.ent.fic, Farr Lawn, N.J.) in 10 mM Tris-HCl (pH 8 0) 
me outer membrane fraction was collected and pelleted at 150,000 x p and the 
pe let was resuspended in 100 ^.1 of distilled water. E. coli JM 105 tranfformants 
harbonng the specified plasmids were selected on Luria-Bertani (Difco Labora- 
'7'^^' ^^'ch.) solid medium containing 0.4% glucose (wt/vol) and 100 uc 

J*2nwrM ^ ^ ^^'"u ^L^"*'' ^^-^ Twofold-concentrated YT medium 

20) Cold Spring Harbor Laboratory, Cold Spring Harbor. N.Y.) was used for 
liquid cultures. Ampicitlin wns used at a concentration of I(K) pLg/^l for /■" coli 
nJ, I ! """f ^'^r '^'g^rithmic phase. IPTG (isopropyl-p-.>: 

thiogalaclopyranos.de; Chem.ca Alta, Ltd., Edmonton. Alberta, Canada) was 
added at a final concentration of 0.1 mM. and the cell cultures were allowed to 
grow another 4 h before they were harvested and resuspended in 20% sucrose 
wuh 0 mg of DNase m 10 mM Tris-HCl (pH 8.0). The outer membrane fraction 
was isolated as described above and pelleted at 150.0(K) x g, and the pellet was 
resuspended in 50 ^.1 of distilled water. The protein concentration was deter- 
mined usmg the BCA Protein Assay (Pierce. Rockford 111 ) 
.olnhT^ h""^^*''*?; "^^'Tibranes from 500 ml of log-phase culture were 

sotubilized in 10 mM Tns-HCI (pH 8.0; Fisher Scientific)-3% ^-octyl-polyoxy- 

^l^ Z i 'T'^'"' ' ^ '-^"^ ccntrifuged f<.r '3o'^-n at 

iM.tiUU X g. The pellet was resuspended in 10 mM Tris-HCl-3% «HKtvl- 
polyoxycthylcnc-5 mM EDTA (pH 8.0) (Fisher Scientific), incubated at 23X for 
I h and ccntr.fuged for 30 min at 173.000 Xg, and the supernatant was collected 
A Western immunobloi indicated the presence of HopE in the supernatant of 
the second s<iluhil,7.at.,in step. The supernatant coniainina HopE was mixed with 
an equal vr>lume of 0.125 M Tris-HCl (pH r>.8). 4-^. (w,a,.,) .^dium dndecyl 
^^IV^ \ ^''"^20% (vol/vol) glycerol (Fi.shcr Scientific) and subjected ?o 
M:)S-I2 « polyacr^-lamide gel elecimphoresis (PAGI;). The HopE hand wrs 
"^r^T AT ;'" P^^'"'^" --^'Hl clu.ed ..vern.gh. at 4''C rnto 10 

mM lr,s-HCI(pH8.0). 1 mM EDTA (pH 8 0). ;,nd 1(X) mM N.K I The clution 
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^ t. \oh.ii:cv u„o applied .uross ,|n\ „uMnl>,.nK- .hrnui;h ( ■:,|u,„cl doc 
..Hl.> connected U ..h hndge. and the result.un cnrren, „ '\ , 

1" -fold hy a current amplifier, monitored on a Tekironi.^ n.odel ,Lin 
^copc. and recorded on a Rikadenki R-OI .strip chart recorder ' ' 

SI)S-PA(;r: and Wfst.rn h|„tli«n. Kol;Ue<t o„,er nuMuhnmev u,.,o h, uh.] -„ 
concentration of 15 Mglane. Electrophoresis w.s carried ou, hv SnST> F . 
a discontinuous 12^- polyacn-lamide gel (II). Pr<Meins .ere stained v h O 
mnssic hnll.an, blue. Fur Western immunohlntting. unstained .els n tc lee. ' 
hlotted onto humobdon-P membranes (Millipore. Hedtord. Mass ) Alter bU^k 
.ng for 2 h at 23-C with 3% b.>vine ser.m ..Ibumin (BSA Hoehr e^^^^ 
M.-mnhenn,-,UV T.e^ 20 (Sigma) in pho.ph..„e-tn,llered saline O^MS l" 
membranes were ineuhaled with a l/lO.tHKl dilution of an.i-HopF' r ahhi, -m i' 
scrum (a gift from Peter Doig. Astra Zenecca. Boston. Mass.; the anti e um w s 
r.^sed against denatured HopE) in 1% BSA^.05-^ Tueen 20 in PBS for 7 iT 
n r ^^'^re then washed with PBS and incubated ui.h .a |.s m) 

dilution of an alka ine phosphalase-conjugated secondan- .lUilnHlv (Bin-R;ut 
R.chn,ond. Cahf.) for I h a, ^VC. The bound antibodies were delected vith 
-Inon,o-4-chloro.V.nd<.|ylphospha,e (Calhioehem. L;. .I.H:, ( , 
iroblue tetraz<»lium (Siyma). 

Indirect immun<»fTuore..ccnce. Oeiection of surt.aee -exposed proteins uul 
epitopes was accomplished hy the method of llofsira et al tP) |-„r /■ 
I K,u<>,s Of cells im ^1) after 4 h of IPTG induction .ere pelletal. washed . ,h 

PBsVor iTl'^rr P'''J '^';'**.^*'"''--^'»^^-prin-n .ntibodv in r, 
PBS for 1 h a 23 C. For H. pvlnn. three to four colonies were taken direct Iv from 
h P,K ^ l""^ resuspended in PBS. the cells were then pelleted, washed 

'rM o . n \ r'- S ''"'-^ ''''' -''^ '^'^-^ -'^^ -^-i-'-' 

1. (I K) dilution ..f , n.o,vscem .MMhincv:uia.e-eon,n.a,ed secnnd.n v an.ihodv 
(Boehringer Mannheim, lor 1 h at 23''C. Cells were then washed with PBS 

esuspended in BSA- PBS. and dried on poly-i -lysine-coated slides purchased 
from Sigma. Fluorescence was momiored with a Zeiss microscope fitted with a 
halogen lamp, and filters were set for emissi<m at 525 nm. AM imaees were 
C?na7a) """^ ' ^^'^^ '^"^ Ontario' 

DNA sequencing. Plasmid DNA was sequenced with the ABI automated 
fluorescent sequencing system mtxlel 373. Sequencing reactions were performed 
usmg the ABI sequencmg kit. PCR protocols provided by ABI were done on the 
niA^Hi^rp^ ^Boston. Mass.). Template DNA was prepared with 

OlAwell 8 Plasmid Kits (Q.agen. Mississauga, Ontario. Canada). Pr mers were 
synthesized on the ABI DNA/RNA Model .392 synthesizer. 

RESULTS AND DISCUSSION 

Cloning of HopE. There are two possible tran.slalional start 
sites for HopE. These comprise methionine codons three res- 
idues apart in the sequence MEFMKKF. it was fcit that the 
second methionine was the most iikely start site since the 
inclusion of a basic residue (E [glutamate]) anywhere in the 
signal sequence of any secreted protein is rare, although not 
unprecedented. Therefore, we cloned HopE, by PCR amplifi- 
cation from H. pylori genomic DNA, into the plasmid pT7-7 
assuming that either the first (in pla.smid pJI) or second (in 
plasmid pJ2) methionine was the start codon when an exoge- 
nous Shine-Dalgarno sequence was supplied. Contrarv to our 
expectations, only amplification from the first methionine led 
to the production of a heat-modifiable outer membrane pro- 
tein that cross-reacted with antibody raised against denatured 
HopE protein (Fig. I A. cf. lanes 3 and 4 and lanes 5 and 6) 
Plasmid pJI encoded this version of HopE (with its endoge- 
nous Shine-Dalgarno sequence) cloned into pBlucscripi II 
KS(4-). This construct was transformed into E. coli JMI05 and 
induced with 0.1 mM IPTG for 4 h. Outer membranes were 
isolated by sucrose density gradient centrifugation and shown 
to contain an outer membrane protein with an apparent mo- 

c?!cT'^^' comigrated with authentic HopE 

on .SDi)-PAGE and reacted with antibody to HopE (Fig 1) 

In //. pylori outer membranes, HopE is heat modifiable (Fi'p 
lA. lanes 7 ;ind S). a result that indicates a potential SDS- 
stablc (3-barrcl structure like other porins (4, S. 17 18) In !■ 
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FIG. 1. (A) Western imniunoblot probed with anti-Ht>pI2 antibodies of outer membranes of/,", tvi/; JMI05 clones solubitized at HMTC' (heated) or 2y\' (iinhearetl) 
Lanes 1 and 2. JM 105/pBluescript heated and unhealed; lanes 3 and 4, JM105/pJl heated and unhealed; Innes 5 and 6. JM105/pJ2 healed and unhealed: lanes 7 and 
S. .'/. fiyhii hcalod and unhealed. Appuixiniately 20 (^f tctal protein per lane was leaded The arti-MopE antibodies were raised aviainst denainrcd I lopH and thus 
reacted more strongly to heated (denatured) Hop[£ rather than unhealed Hopli in whicli Minte linear epitopes were presumably buried, (IJ) SI)S-PA(il: denmnsti;iiine 
the purity of Hopti isolated from /■.'. coli JMI05/pJl, Uine I. solubilized at iWiS (heated); lane Z, solubili/.ed at (unhealed). 



coli, however, HopE was only partially licat moclifiablc, with 
some of the protein being partly dcnaturctJ at low temperature 
in SDS (Fig. I A, lane 4). This could be due to the different 
outer membrane environment in E. coli (13, 14). Consistent 
with this observation, as HopE was purified free of LPS, it 
ceased to be heat modifiable (Fig. IB). In addition, we ob- 
served a minor band of lower mobility after heating in SDS 
(Fig. 1 A, lane 3). This band was not apparently heat modifiable 
(Fig. lA, lane 4) and comigrated with the minor product ob- 
served when HopE without the first three amino acids of the 
signal sequence was cloned (Fig. lA, lanes 5 and 6). We are 
uncertain as to what this minor band is, since although it did 
react with HopE antibody (and was not present in £. coli 
containing just the vector plasmid), it did not comigrate with 
authentic HopE (Fig. lA, lanes 7 and 8). This could therefore 
represent a different processing product of HopE. 

HopE was purified to apparent homogeneity (Fig. IB, lanes 
I and 2), but it was not apparently heat modifiable. However, 
this does not mean that it failed to form a p-barrel structure 
but possibly that this P-barrel was more susceptible to SDS 
denaturation. Consistent with this idea, some insertion and 
deletion mutants of OprF (19) and OprD (13) lose their heat 
modification on SDS-PAGE but still form folded structures, as 
indicated by conformation-specific monoclonal antibodies and 
their ability to form channels in planar bilayers, respectively. 
Similarly, purified HopE was able to form channels in planar 
bilayer, with an average single channel conductance of 1.5 nS 
(Fig. 2) identical to the value obtained with HopE purified 
from K pylori (8), 

To confirm that HopE was expressed at the cell surface, we 
employed indirect immunofluorescence techniques to demon- 
strate that intact E. coli cells containing the plasmid pJl ex- 
pressed HopE on their surface. The immunostaining of cells 
was somewhat patchy, implying that HopE might not be dis- 
tributed in a random fashion in the outer membrane. However, 
there was no apparent concentration of HopE at the poles or 
septa of the cells observed. 

Construction of a membrane topology model. The signal 
sequence cleavage site for HopE is known due to its known 
N-terminal sequence EGDGVYIGTNY (8). The mature 
HopE amino acid sequence in both sequenced genomes, strain 
J99 (2) and 26695 (21), was very similar, with only 6 amino 
acids of 250 being different. We utilized the method of Jean- 
teur and Pattus (14. 17) to predict the transmembrane 
p-strands^ of mature HopE (Fig. 3). Tliis method utilizes a 
window of five amino acids to predict amphipathic regions of 
the protein comprising alternating hydrophobic and hydro- 
philic amino acids. In the crystallized porins. the alternation of 



hydrophobic and hydrophilic residues is incomplete (i.e.. 
sometimes a polar residue appears in place of a hvdruphohic 
residues and vice versa), in part because porins often ftirni 
trimeric structures. Thus, the surfaces of the monomers that 
contact each other do not necessarily need to be hydrophobic 
like the surfaces that contact the membrane interior. ALso, at 
least one of the surface loop regions interconnecting trans- 
membrane p-strands (usually loop 3) inserts into the center of 
the barrel, and hydrophobic residues pointing into the acjucous 
center of tiic p -barrel ptue can interact with these residues hi 
form hydrophobic contacts. Thus, the averaging over a window 
of five residues accommodates such inconsistencies. 

The model predicted by this method after refinement by 
experimental studies (see below) is shown in Fig. 3. It indicates 
a p-barrel of 16 strands with very short periplasmic turns and 
some long surface loop regions. This is conceptually similar to 
the structure of the four crystallized 16-stranded p-barrel por- 
ins, including E. coli OmpF (4). However, there is no sequence 
identity between HopE and OmpF. The HopE model places 
fewer amino acids at the surface, as anticipated given that it 
has only 250 amino acids versus 340 amino acids for OmpF. 
This smaller size of HopE may also explain why there arc 
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riG 2, ("ontiiicianee trace observed aftet the addition of 3 ng ot n:itive 
Mopli. per ml to the aqueous phase (1 M KG) bathing a planar lipitl hilayer 
eonstituted from 1.5^ oxidized eholestcrol in /i-decane. I'he apjilied vohauc was 
50 mV.The arrow*; indicate the breakpoints fur iluce channel'^ that entered the 
membrane rapidb 
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predicted to be only three surface loops longer than 6 amino 
acids Versus seven in OmpF. One of these predicted loops 
loop 6, IS noteworthy since it is proposed to contain 30 amino 
acids including, in its middle, two cysteines bounding four 
amino acids. Loop 6 contains 4 of the 10 proline residues of 
HopE, with all of the remaining proline residues being found 
in loop or turn regions, as expected given that proline residues 
tend to distort P-strand structures. 

The closest relative of HopE is a protein named HorB (Aim 
et aL, submitted), which lacks the conserved N-tcrminal se- 
quence observed for the Hop family proteins. Overall HorB 
has only 29% identical amino acids. Nevertheless, it was com- 
foi-ting that virtually all of the stretches of misalignment (i c 
deletions and/or insertions and regions of lower similarity) 
could be assigned to the extramembranous regions as was also 
observed for the OmpF family of porins by Jeanteur et al (1 7) 
Interestingly, the predicted HorB, which is even smaller than 
HopE, IS maximally different from HopE in the loop 6 region 
lacking all of the prolines and the cysteines of HopE and 
missing 17 of the 31 residues between W,,„ and 

Testing of the membrane topology model. Alignment of the 
sequenced porms has demonstrated that the p-strand regions 
and turns tend to be quite conserved in length, whereas the 
surface loops are quite variable in length (17). Consistent with 
this Idea, insertions and deletions into the surface loop regions 
of individual porins are usually permissible (I, 3, 17), with the 
exception that some insertions into loop 3 (which folds into the 
mterior of the p-barrcl in the crystallized porins) disrupt the 
secretion and/or stability of the protein (1. 14). On the other 
hand, insertions or deletions in the p-strands and/or turn re- 
gions of porins always perturb the secretion and/or stability of 
the ponn (1, 3, 14). Iliercforc. we set about tcsiinu the mem- 
brane topology model by inserting, using PCK m^thodolouv 
the m-frame sequence RSKDV. The inclusion of four conscc- * 
utive po!;ir residues, three of which ;irc charecd. into Mopl- 



P-strands would be expected to disrupt this protein. A total of 
12 insertions were made, with a further 2 insertions beinp 
made in which an accompanying deletion was constructed The 
position of these insertions in the mature HopE sequence and 
Uieir predicted locations are indicated in Table I and Fie 3 
The expression of HopE and its modification by heat was 
observed on Western immunoblots of whole-cell and outer 
membrane preparations (Fig. 4), and the surface expression 
was determined by indirect immunofluorescence with HodE- 
specific antibody. We considered that indirect immunofluores- 
cence with mtact cells was the best indicator of the correct 
localization of the HopE mutants in the E. coli outer mem- 
brane. Heat modification on SDS-PAGE is a signature prop- 
erty of many porins, but the loop 5 deletion mutant of porin 
UprU, for example, is more susceptible to denaturation in SDS 
(and thus does not demonstrate heat modification) (13) de- 
spite clear evidence that this mutant forms a native p-barrel 
structure (15). Consistent with this, mutant pJ18 in predicted 
loop 2 and mutant pJ20 in predicted loop 8 demonstrated an 

heat modifiable (Fig. 4). 

Some of the mutants that failed to demonstrate surface 
expression, or demonstrated very weak s.irface e.xprcssion 
(e.g.. pj 8, pJl 1, and pJ2.3). demonstrated verv good expres- 
sion on Western blots of whole-cell protein preparations We 
assume that these mutants influenced secretion to some extent 
and thus the corresponding mutant proteins were trapped in 
inc usion bodies, it was not. however, the general localization 
of the insertion in these proteins at the N terminus that pre- 
vented expression, since pJ30 encoding a HopE mutant with an 
msertion at amino acid 42 was well expressed on the surface of 
t. coll. 

Ovcrnll. these data lit ven- well with the membrane topolopv 
nun id shou., ,n Fig. 3. In.scrtions ,„ predicted loop 2 (mutan, 
pJ.Ml). loop 4 (p.|.^ I ), i.,„p (, (pj2| J,., ^ 7 j3 



•.17.1 ^ lUNA l i At 







1 \HI I- 1 { h.u.K'U'i i/:ilii»n nt inst-i iitMi.i 


inuI.iiUs in 1 1. (j'l 






..^ 

luiiu^r' 




1 1 1 'p I C \ pi L'S**!* Ml I'll \\ t'^l (.' 1 11 




\ \ \.':\\ 


■ - 




(t)i.itiitr ^(.'iji ii' IK'*' 




OpiC^MOtl 




it K'.U H Ml' 


IMI 


Ndiic 




■ t 1 






PJIS 


(\ 








IMI 


PJ.M) 


41 




. i 




I.: 


PJU 


h(y 


4- + 


V 






PJ23 


74 


■4- -f- + 






IJ 


PJ.M 


UN 


1- ^- f 






1.4 


PJ5 


\}2 


4- 








PJ32 


U>S 


f f + 


i 4- f 


f 4- 


1.6 


PJ21 


17^) 


+ + + 


4- -f " 


f + 


L(i 


PJ29 




+ + + 


f + 


4- 4- 




PJI7 


I'M 










PJ34 


Z\5 


f + 


-j. 


f 4- 


L7 


PJ6 


2M 


+ -f- 


4- f ^ 


4- 4- 


I.S 


PJ20 


242 


+ 4- 


4- 4- t- 




IS 


PJ14 


A237-242 


4- -t- 


f 







*' The following additional changes were oiiseiA'cU fntm wholc-ecne sequencing: in IM.> m ;iniino acid }}, a (.i rA-*( l exchange leading \o a neutral *ciih'.til tilion 
(V33V). in PJ29 nn S7QT suhstituiion. and in PJ.MI an L244S suKstitution. 'I'he lirst of these was a neutral suhslitution. and the latter two ohviously did not atleet 
expression. 

HopE expression on Western inirnunohlnts utilized whole -eel I proteins. 

HopE surface expression was determined by indirect immunofluorescence of intact cells with nopl£-specitie antihodies. 
Heat niodifiabihty was examined hy SOS- PAGE as demonstrated in Fig. lA. 
' U loop; TM, transmenihrane p-strand. 



loop 8 (pJ6 and pJ2()) were surlace expressed and thus per- 
missive, as was the deletion ol 12 amino acids from loop 6 and 
the insertion of 5 amino acids. In contrast, insertions in pre- 
dicted transmembrane domains 1, 5, 9, and 12 were either not 
expressed or were very poorly surface expressed. Two results 
that needed clarification were those for mutants pJ23 and 
pJ14. The former, pJ23, was in predicted loop 3 and was nei- 
ther heat modifiable nor surface expressed. A similar result 
was observed by us previously for deletions in the predicted 
loop 3 of Pseudomonas aeruginosa porin OprD (14) and by 
others for selected insertions in loop 3(1), and we presume 
that the folding of loop 3 into the center of the porin p-barrel 
is important in the biogenesis of porins. The second construc- 
tion, pJi4, involved a deletion that spanned two permissive 
insertion sites at amino acids 237 and 242, replacing these six 
residues with the inserted amino acids RSKDV. Presumably, 
the removal of this entire loop 8 perturbed the biogenesis of 
HopE, and the inserted amino acids did not repair the defect. 

The loop 2 insertion mutant pJ30 was examined in more 
detail to confirm that it still formed a native p-barrel structure 
despite its inability to be modified by heat. Therefore, this 



mutant HopE was purified and examined for its ability to form 
channels in planar lipid bilaycrs. As seen in Fig. 5, mutant pJ30 
was clearly able to form channels, but the single channel con- 
ductance in 1 M KCl was reduced to 0.63 nS compared to 1.5 
nS for native HopE. Possibly, loop 2 in HopE can influence the 
channel properties of this porin, as previously shown for loop 
2 of the P. aeruginosa imipenem-specific porin OprD (16). 
Conversely, since loop 2 in the crystallized porins reaches 
across to adjacent monomers and presumably stabilizes the 
trimer structure found in most porins, it is possible that we 
were analyzing the monomer for mutant pJ30 and the trimer 
for native HopE, which would make these proteins rather 
similar in trimer single-channel conductance. 

As described above, HopE is a member of a large family of 
proteins with more than 100 conserved amino acid positions. 
Examining the model (Fig. 3) in more detail, it is evident that 
a preponderance of these conserved amino acids are predicted 
to be within the membrane (45% of ail residues in the mem- 
brane) as opposed to outside the membrane (27% of residues). 
Possibly, the 30 residues not assigned to p-strands included 
other elements important to the construction of a p-barrel. 
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FIG. 4. Western immunnhlot prohcd with anti-Uopii antiNKJies of sucrose gradients of whole-ceil protcmsof/: (Vj/f JM U15 clones or //. /7v/c;n soluhtiizxd at KKPC 
{odd-nunihcrcd lanes) <ir ^^^C (even-numbered lanes) l.anes I and 2. JM I0.VpJ2(): lanes and 4. JM l()5/pJ2 1 : lanes 5 and (i. //. pvlon OM: lanes 7 and S. JNt I'f^/pJ.^-l: 
lanes 9 and 111. J.M 105/pUtucscript: lanes i| and I 2. .I.M H).'^/pJ31 . lanes l."^and 14. J M lO.S/pJ.lj:; lanes l^and 1 f>. are // /'v/on. Approximately I.*' Mg '*>l:'l pnuem wa*; 
loaded per lane 
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including p-turns at Ihc pcriplasmic side (a predicted 10 rcsi- 

.Down in F.g. 3 ,s con.si.stcnt with the hypothesis that Ihc highlv 
conserved residues of large Hop-Hor family of porins are pan 
of a conserved scaffold for a P-barrel. We have done L- 
phipa.hicty profiles on all 32 proteins related to HopE (daTa 
not shown). These proteins .share 40 to 60% identiiy in the 
consented regions of the proteins. Precedent would sucgcs' 
at higmy consented regions of proteins have similar .struc- 
tures and/or functions, and our amphipathicity profiles are 
no"o tTom' Presumably, the additional sequence 

this family of ponns. such as the ability to act as adhesins (6, 7, 
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